To identify the temperature dependent change of the apparent diffusion coefficient (ADC) of water in brain tissue, the ADC values of normal rat brain were measured over a range of body temperatures with moni toring of head temperature using a small water reference implanted under the temporalis muscle. An initial exper iment using thermocouples implanted into the cortex, caudate-putamen, temporalis muscle, and rectum demon strated that temperature in all regions were highly corre lated over a temperature range from 33 to 39°C. In an other group of normal rats, brain ADC values varied al most uniformly with body temperature over the temperature range 33-39°C, implying that brain ADC val ues accurately reflect changes in brain temperature. The
Summary:
To identify the temperature dependent change of the apparent diffusion coefficient (ADC) of water in brain tissue, the ADC values of normal rat brain were measured over a range of body temperatures with moni toring of head temperature using a small water reference implanted under the temporalis muscle. An initial exper iment using thermocouples implanted into the cortex, caudate-putamen, temporalis muscle, and rectum demon strated that temperature in all regions were highly corre lated over a temperature range from 33 to 39°C. In an other group of normal rats, brain ADC values varied al most uniformly with body temperature over the temperature range 33-39°C, implying that brain ADC val ues accurately reflect changes in brain temperature. The Diffusion-weighted magnetic resonance imaging (DWI) is derived by measuring the translational movement (diffusion) of water molecules over a short interval (Le Bihan et al., 1986; . DWI can rapidly detect and localize focal brain injury as early as minutes after the onset of ischemia (Moseley et al., 1990a,b; Mintorovitch et al., 1991; Minematsu et al., 1992a,b) . This method is a powerful tool for studying clinical and experi mental brain ischemia.
Brain temperature is an important physiologic pa rameter that should be monitored during experi--------------------_._-effects of focal ischemia and administration of the non competitive N-methyl-o-aspartate (NMDA) antagonist, CNS-1102, on ADC were also examined, using the suture middle cerebral artery (MCA) occlusion model while maintaining the body temperature at 37°C. ADC values and therefore brain temperature in the nonischemic and ischemic hemispheres were not affected by the drug. These experiments suggest that brain ADC measurement could be useful in animal studies and, potentially, in hu mans to assess the effects of pharmacologic intervention on brain temperature. Key Words: Middle cerebral artery occlusion-Brain temperature-Magnetic resonance im aging-Apparent diffusion coefficient-Diffusion map ping. mental brain ischemia, especially when pharmaco logic intervention is being evaluated (Busto et al., 1987 (Busto et al., , 1989a Clifton et al., 1989; Buchan and Pulsinelli, 1990; Corbett et al., 1990; Dietrich et al., 1990a,b; Kuroiwa et al., 1990; Minamisawa et al., 1990; Morikawa et al., 1992; Chen et al., 1992) . However, standard thermometry in a high-field magnet is not possible and magnetic resonance im aging (MRI) studies are prone to artifacts caused by the temperature probe. Recently, noninvasive ther mometry using MRI was proposed based on the well-known relation between molecular diffusion and temperature (Le Bihan et al., 1989; Delannoy et al., 1991) . The diffusion coeffi cient of water in biologic tissue is termed "appar ent" because it is related to several factors other than molecular diffusion itself. Brain temperature is an important determinant of the apparent diffusion coefficient (ADC) and temperature variation could be evaluated noninvasively using the ADC of water in normal brain tissue. There has been no system-atic study evaluating the temperature dependency of ADC in normal and ischemic brain tissue. The purpose of this study was to identify the tempera ture-dependent changes of ADC in normal rat brain tissue using echo planar imaging. Additionally, the study was designed to demonstrate the feasibility of thermometry based on ADC values in a model of focal cerebral ischemia with subsequent pharmaco logic intervention.
MATERIALS AND METHODS

Animal preparation and experimental group
Normally fed male Sprague-Dawley rats, weighing 290-350 g each, were used. Under chloral hydrate anes thesia (400 mg/kg body weight, intraperitoneal injection), the left femoral artery was cannulated with PE-50 poly ethylene tubing for blood pressure monitoring and blood gas analysis. The anesthetic state of the animals was maintained throughout the experiment using 1 % isoflu rane delivered in air through a face mask. Arterial blood pressure was monitored continuously (Parametron 7150 Monitor, Roche Medical Electronics, Cranbury, NJ, U.S.A. ). Arterial pH, Pac02, and Pa02 were measured intermittently using a blood gas analyzer (Corning 170 pH Blood Gas Analyzer, Corning, Mansfield, MA, U. S.A.). Animals were divided into three experimental groups.
Group 1 (n = 6). To directly identify the relation among brain, body, and temporalis muscle temperatures in nor mal and focally ischemic animals, thermocouples were directly inserted into these areas. In three rats, the fron toparietal cranium was exposed by a midsagittal incision, and two burr holes, 1. 3 mm in diameter, were made on the right parietal skull at 0. 5 mm caudal, and 3. 5 and 5. 0 mm lateral to the bregma. U sing a 23-gauge needle as a guide, small copper-constantan thermocouples, 0. 003 inch in diameter (type IT-23 , Physitemp Instruments, Clifton, NJ, U. S. A. ), were inserted into the right cau date-putamen and lateral portion of the frontoparietal cortex, 5. 0 mm ventral to the bregma, and fixed to the frontoparietal bone using dental cement. Another small thermocouple was inserted between the right temporalis muscle and lateral aspect of the skull. The animal was then connected to a face mask for the inhalation of isof lurane. Body temperature was monitored via a rectal probe, with O. I°C resolution (T type thermocouple, OMEGA Engineering, Stanford, CT, U.S.A.), that was inserted 6 cm into the rectum. Body temperature was controlled using a feedback-regulated heated air flow sys tem that completely surrounded the animal. The ambient temperature in this air flow system was also continuously monitored during the course of the experiment. Initially, the rat's body temperature was warmed from 37 to 39°C by heated air. When the brain and body temperatures equilibrated at 39°C, the body temperature was slowly reduced to 33°C by air cooling (l°C decline/20 min). Tem perature changes in the three regions were simulta neously and continuously monitored using a scanning thermocouple thermometer with O. loC resolution (Cole Palmere Instrument Co. , Niles, IL, U. S.A.).
Another three animals were used to examine the effect of middle cerebral artery (MCA) occlusion and the ad ministration of the noncompetitive N-methyl-o-aspartate J Cereb Blood Flow Metab, Vol. 14, No.3, 1994 (NMDA) antagonist, CNS-ll02, on brain temperature. Four small thermocouples were inserted into both cau doputaminal regions and lateral portions of the frontopa rietal cortices through the burr holes, 1.3 mm in diameter, made at 0. 5 mm caudal and 3. 5 and 5 mm lateral, to the bregma. These thermocouples were fixed to the fronto parietal bone using dental cement. Temperature change was continuously monitored using a scanning thermocou ple thermometer before and continuously for 2 h after MCA occlusion, while maintaining the body temperature at 37°C. We used the intraluminal suture MCA occlusion model (Koizumi et aI. , 1986; Zea Longa et aI. , 1989; Minematsu et aI. , 1992a,b) . Briefly, the right common carotid (CCA) and external carotid arteries were exposed and ligated with a silk suture. A 4-0 monofilament nylon suture, its tip rounded by heating, was introduced into the right CCA through a small incision and advanced � 17 mm distally into the internal carotid artery from the CCA bi furcation. One hour after MCA occlusion, 1. 13 mg/kg of CNS-I \02 in 0. 3 ml of saline was infused intravenously over 3 min. Body temperature was maintained at 3rC via a rectal probe that activated the heated air flow system to keep the rectal temperature constant.
After the experiment, we confirmed the precise loca tion of the thermocouples into the caudate-putamen and frontoparietal cortex by inspection of coronally cut brain slices in all animals. The thermocouples used in this study were calibrated against a calibrated mercury thermometer in a water bath before each experiment.
Group 2 (n = 6). To correlate ADC values in a sub temporal water reference, the ipsilateral brain hemi sphere, and body temperature, the frontoparietal cranium was exposed by a midsagittal incision and a 4-mm incision was made in the superior margin of the right temporalis muscle. A small latex rubber ball, 4-6 mm in diameter, was filled with normal saline and implanted between the right temporalis muscle and the lateral aspect of the skull through the incision. The surgical wound was closed us ing a 3-0 silk suture. The head of the animal was then fixed inside a I H "birdcage" imaging coil. Body temper ature was monitored with a rectal probe and controlled using a feedback-regulated heated air flow system. Ini tially, the rat's body temperature was warmed from 37 to 39°C. Then, the body temperature was reduced to 33°C by air cooling (l°C decline/20 min).
Sixteen diffusion-weighted echo planar images through the subtemporal water reference sample and a coronal brain slice at the level of the optic chiasm, with progres sive gradient pulses, were obtained over 32 s. Brain ADC mapping to obtain ADC values at each pixel of both hemi spheres was performed for each 1°C decline of body tem perature. The mean ADC values of the water reference and the entire right hemisphere were calculated by aver aging the ADC values from each pixel within the water ball and the hemisphere. The diameter of the small refer ence observed in a imaging plane was 4.4 ± 0.6 mm. The mean region-of-interest (ROI) size of the water reference and the brain hemisphere were 11. 6 ± 3.4 and 41. 1 ± 5.5 mm 2 , respectively. After 3 h of MRI data acquisition, the animals were returned to the cages and their eating and drinking behavior and body weight was monitored for the next 24 h. Group 3 (n = 12). To determine the effect ' of focal cerebral ischemia and administration of the NMDA an tagonist on ADC values in the ipsilateral, ischemic, and contralateral, nonischemic hemispheres, focal cerebral ischemia was induced using the intraluminal suture MCA occlusion model. Body temperature was monitored and maintained at 37°C via the rectal probe. ADC maps were obtained at 30, 55, 65, and 120 min after MCA occlusion. In six rats, 1.13 mg/kg of CNS-1102, a noncompetitive NMDA antagonist, dissolved in 0.3 ml of saline was ran domly and blindly administered 60 min after MCA occlu sion. In another six rats, the same volume of saline was administered 60 min after MCA occlusion. Mean ADC values of each hemisphere at each study point were cal culated by taking ROIs consisting of the entire hemi sphere and averaging the ADC values from all the pixels within that hemisphere.
Validation study of thermometry using small volumes of water as a probe
We performed an ex vivo validation study using several water references of different sizes. Four latex rubber balls, 4, 5, 6, and 10 mm in diameter, were filled with saline and placed in the I H birdcage imaging coil. The air . temperature in the air flow system was monitored with a thermocouple and changed from 33 to 39°C by 0.5°C in crements using a heated air flow system. We kept the air temperature at a steady state for at least 10 min to ensure that the temperature of the water in the rubber balls was in equilibrium with that of the surrounding air. Sixteen diffusion-weighted echo planar images were then ac quired in 32 s and ADC maps were obtained for every O.soC change of the air temperature. The diffusion coef ficient, D (x 10 -5 cm2/s), of water in the four rubber balls was calculated by taking the same size of ROI, 8 mm2, in the center of the image of each rubber ball.
The relation between the translational self-diffusion co efficient of water, D, and the absolute temperature, T, has been shown to be (Shimpson and Carr, 1958; Chang et aI., 1973) ( 1) where Do is the diffusion coefficient at infinite tempera ture, Ea is the activation energy for translational molec ular diffusion, and k is Boltzmann's constant. Upon rear ranging equation (1) (2)
The activation energy Ea of the water is reported to be 0.2 e V, which is equal to the amount of energy required to break two hydrogen bonds (Chang et aI., 1973) . It is ob vious that there is a linear relation between In (D) and liT. The activation energy was calculated from the slope of the regression line between In(D) and liT for the val idation of this method, and the accuracy was evaluated using a 95% confidence limit of the regression line.
MR imaging procedure
MR experiments were performed using a General Elec tric CSI-II 2.0 T/45 cm imaging spectrometer operating at 85.56 MHz for IH and equipped with ±20 G/cm self shielded gradients. Coronal scout images, 2 mm in thick ness and 4 mm in separation (center-to-center), were ob tained to locate the water reference and the optic chiasm. Sixteen diffusion-weighted echo planar images with suc cessively increasing amplitudes of the diffusion-sensitive gradient pulses (Turner and Le Bihan, 1990) , were ob tained in 32 s using 2-mm slice thickness, 40 x 40 mm field-of-view, and 64 x 64 pixel resolution. Slice selection and diffusion gradients were applied along the z axis. The acquisition time for each echo planar image was 65.5 ms. These processed image data were then transferred to a 25 MHz i486 personal computer and off-line data processing was performed. Using a linear least-squares regression algorithm, the natural logarithm of the signal intensity was fitted to the series of gradient b factor values (Le Bihan et aI., 1986) . The ADC value was then obtained from the slope of the fitted data for each pixel. The cor relation coefficient of the fit R2 was used to filter the final ADC maps. For values of R2 < 0.95, the grey level of the pixel was set to 0, indicating a poor fit to the data of that pixel. ADCs were then scaled appropriately to be dis played in a 256 grey level format. For further quantitative ROI data analysis, the Bio Scan OPTIMAS image pro cessing software package (Edmonds, WA, U.S.A.) was used (Dardzinski et ai., 1993) .
Statistical analysis
Values presented in this study are mean ± SD. For the relation between two parametric variables, linear regres sion analysis was applied. The statistical significance of differences of mean ADC values over time or among dif ferent animal groups was evaluated by analysis of vari ance and post hoc testing using Scheffe's test; p < 0.05 was considered significant.
RESULTS
Validation of thermometry using small water references
The images from the four water references were homogeneous in nature and the standard deviation of the water diffusion coefficient for each pixel in these ROIs was only 0.8-1.2% of mean values. Lin ear regression and correlation coefficients between the natural logarithm of the diffusion coefficient, D (x 10-5 cm 2 / s) and the reciprocal of the absolute temperature (1 / 1) for each size of water ball were calculated. The diffusion coefficient of water in each size of rubber ball was highly correlated with temperature. The best correlation coefficient was observed in the water reference with a 10-mm di ameter (r = 0.994; p < 0.0001). The water refer ences with 4, 5, or 6 mm diameter exhibited similar correlation coefficients, r = 0.976 (p < 0.0001), r = 0.972 (p < 0.0001), r = 0.978 (p < 0.0001), respec tively. The small differences in the diameter of the water references did not affect the correlation be tween diffusion and temperature. The slope of re gression lines of water references with 4-, 5-, 6-, and lO-mm diameters were -2216.8, -2288.1, -2238.6, and -2155.6, respectively. Using these values, the activation energy was calculated as 0.191, 0.197, 0.193, and 0.186 eV, respectively, for each sized ball. These values coincide well with the reported value of activation energy, 0.2 e V (Chang et al., 1973) . Figure 1 using a logarithmic scale on the ordinate. Based on the 95% confidence limit of the regression line, the accuracy of thermometry using such a small water reference is within ±0.5°C.
Direct measurement of temperature
The time course for directly measured tempera tures from the body, the right caudate-putamen, lat eral portion of the right frontoparietal cortex, and the right temporalis muscle in three nonischemic rats under the same conditions as the MRI experi ments is shown in Fig. 2A . Temperatures from the caudate-putamen and lateral portion of the fronto parietal cortex showed almost the same values over time. The difference between these two tempera tures was within 0.2°C. Dissociations of the body temperature from those in the other three areas up to 2°C were observed during the warm-up period from 37 to 39°C. During the cool-down period, the body temperature exhibited almost the same tem perature as the brain temperature and the difference was within 0.3 DC. The regression line and correla tion coefficient between the body temperature (x) and the brain temperature (Y), averaging tempera tures from the caudate-putamen and frontoparietal cortex, was y = 1.09x -3.60 (r = 0.98; p < 0.0001). The temporalis muscle temperature showed 0.3-0.5°C lower values than the brain temperature and 0.5-O.8°C lower values than the body temperature over time. The regression line and the correlation coefficient between the temporal is muscle temper-J Cereb Blood Flow Metab, Vol. 14, No. 3, 1994 ature (x) and the brain temperature (y) were y = 1.15x -4.55 and r = 0.92 (p < 0.0001). Figure 2B shows the time course of the body and brain temperatures in three rats that underwent MCA occlusion and injection of the NMDA antag onist CNS-ll02 while maintaining the body temper- ature at 37°C. In the ischemic right hemisphere, the greatest decline of brain temperature after MCA oc clusion, up to 1.5°C, was observed in the lateral part of the frontoparietal cortex. The decline of temper ature in the right caudate-putamen was up to 1.0°C. A decline of temperature was not demonstrated in the nonischemic hemisphere. The brain tempera ture did not change after the injection of CN S-ll 02 in either hemisphere.
Temperature-dependent changes of ADC in normal brain tissue A total of 42 ADC maps were analyzed in six animals. ADCs of brain tissue and the diffusion co efficient in the implanted water reference were mea sured by averaging the ADC values from each pixel in the right hemisphere and the rubber ball at each study point. We calculated the temperature of the water reference implanted under the temporalis muscle using the equation derived from the valida tion study.
The relations among the body temperature, the calculated temperatures of the subtemporal water reference, and the mean values of right hemisphere ADCs from six animals are shown in Fig. 3 . The calculated temperatures of the implanted water ref erence was highly correlated with body temperature (r = 0.993; p < 0.001) and showed 0. 3-O.TC lower values than the body temperature as a mean differ ence. These results were in good agreement with the values obtained from the direct thermocouple measurements. The mean hemispheric ADC values were also highly correlated with body temperature (r = 0.995; p < 0.0001) and brain ADC and body temperature varied almost linearly. Under the ex perimental conditions, the regression line between the brain ADC (y) and the brain temperature (x) was calculated as y = O.013x + 0.217 by means of the correction based on the results of direct measure ments. Therefore, the ADC of normal rat brain tis sue was found to change 0.013 x 10-5 cm 2 / s per 1°C change of brain temperature. After the experiment, no animals were observed to have difficulty eating or drinking. The body weight before and 24 h after the experiment was 347.3 ± 19.9 and 350.2 ± 18.7 g, respectively.
Effects of focal ischemia on ADC values in the nonischemic hemisphere
In rats who underwent MCA occlusion followed by saline injection, the mean ADC values of the hemisphere ipsilateral to the occluded vasculature progressively declined from 0. 604 ± 0.047 (30 min after occlusion) to 0.534 ± 0.081 (120 min after oc clusion). In rats treated with CNS-ll02, the mean ADC values of the right, ischemic hemisphere de clined from 0.648 ± 0.048 (30 min after occlusion) to 0.596 ± 0.086 (120 min after occlusion). These changes were statistically significant in both groups over time and reflect the ischemic injury (p < 0.05). However, no significant changes were observed in the contralateral, nonoccluded hemisphere in either group and CNS-ll02 injection had no effect on ADC values (Fig. 4A, B) . The mean hemispheric ADC values in the ischemic hemisphere were al most the same 5 min before and 5 min after injection of CNS-1102.
DISCUSSION
These results confirm that normal brain temper ature, when directly measured, closely correlates with body temperature when the latter varies. Tem poralis muscle temperature was also closely corre lated with brain temperature, but was slightly less accurate than body temperature over the tempera ture range sampled. Using the diffusion MRI tech nique, we observed that changes of mean brain ADC values in normal brain were highly correlated with changes of body temperature when body tem perature was lowered from 39 to 33°C. This sug gests that ADC values in normal brain tissue are highly reflective of brain temperature because brain temperature and body temperature are almost iden tical over this range of temperatures, and mean brain ADC levels and body temperature vary al most identically. Additionally, these results suggest that if brain ADC values remain constant, then it is highly likely that brain temperature is also constant. In ischemic animals we observed a decline of mean hemispheric ADC values over time on the ischemic side and no change in the contralateral hemisphere. The ADC decline with ischemia was previously observed and leads to hyperintensity on DWI (Mintorovitch et aI., 1991) . This decline of ADC values with ischemia is thought to occur be cause of intracellular water accumulation or changes in membrane permeability (Helpern et aI., 1992; Moseley et aI., 1990a) . ADC values -do not change contralaterally, implying that brain temper ature in the nonischemic hemisphere does not change. When the noncompetitive NMDA antago-nist CNS-ll02 was injected there was again no change in mean hemispheric ADC values in the nonoccluded hemisphere, supporting the suggestion that this drug has no temperature-lowering effect in normal, well-perfused brain tissue. In the ischemic hemisphere, mean ADC values significantly de clined between 30 min and 120 min after MCA oc clusion in a manner similar to that in animals that received saline treatment, despite injection of CNS-1102 at 60 min after occlusion. This long-term ADC decline presumably reflects the consequences of ischemic injury. However, when mean hemispheric ADC values S min before and S min after the CNS-1102 bolus were compared in the ischemic hemi sphere, no changes were seen. This observation suggests that the CNS-ll02 bolus had no immediate effect on brain temperature on the ischemic side, if the drug indeed penetrated the brain parenchyma during this period. The ADC decline which natu rally occurs in ischemic tissue could mask any ef fect of CNS-I102 on ADC values and thus temper ature as assessed by ADC evaluation. The observa tions that CNS-I102 did not lower normal brain ADC values contralaterally, did not have short term effects on ADC values on the ischemic side, and that mean ischemic hemispheric ADC values were lower 120 min after MCA occlusion in the sa line-treated group than in the CNS-II02 group, strongly support the likelihood that this noncompet itive NMDA antagonist does not lower brain tem perature in either hemisphere.
In rat global or forebrain ischemia models, brain temperature falls by 4-SoC within IS-20 min after ischemia begins unless measures are taken to main tain head temperature by external heating (Busto et ai., 1987; Minamisawa et ai., 1990) . Changes of in tra-and/or postischemic temperature vary with the extent of ischemic neuronal injury (Busto et ai., 1987 (Busto et ai., , 1989b . Therefore, brain temperature should be monitored with at least a 1°C sensitivity in global ischemia models. In global ischemia models, brain temperature measurement using the ADC technique may not be appropriate because of the absence of normal brain tissue. However, temperature can be measured very accurately (±O.S°C) by a small water reference implanted under the temporalis muscle. The water reference method should be useful when a global ischemia model is used. In focal brain isch emia, controversy continues as to whether small differences of temperature during ischemia can con tribute to variation of the resultant neuronal dam age. In our experiment, when the body temperature was maintained at 37°C, the decline of brain tem perature associated with MCA occlusion was ob served to be only I.SoC and no decline was ob-served in the contralateral hemisphere. These direct temperature measurements coincided well with a previous report (Morikawa et ai., 1992) . The pro tective effect of hypothermia in focal ischemia was reported with at least moderate hypothermia around 30°C (Morikawa et ai., 1992; Chen et ai., 1992 Chen et ai., , 1993 . So, the brain temperature monitoring in the contralateral hemisphere with the ADC should be an acceptable and useful method in focal cerebral ischemia models. ADC values in normal brain vary slightly by anatomic location, but this small vari ability, O.OS x 10 -5 cm 2 / s between caudate-puta men and cortex, are probably inconsequential for temperature studies (Dardzinski et ai., 1993) .
The decline of ADC values in the ischemic hemi sphere is thought to be related to intracellular mi gration of water molecules or reduced membrane permeability. Temperature reduction could account for some of the ADC decline observed with focal ischemia, but a decrease of I.SoC corresponds to an ADC decrease of only -0.020 x 10-5 cm 2 / s. To ex plain all of the ADC changes, temperature would have to drop by 8-10°C, and this temperature de cline would have to occur over IS min because dras tic ADC changes are observed at this early time point after focal ischemic injury (Mintorovitch et ai., 1991) . The observation that brain ADC values and therefore temperature does not change in the nonischemic hemisphere in rats provides a mecha nism to evaluate the effects of infused cytoprotec tive agents on temperature, not only in animal ex periments but also stroke patients. Warach and col leagues (1992) have demonstrated that diffusion imaging can detect ischemic stroke within 2 h of onset. These human diffusion studies could be ex tended to obtain absolute ADC values, so that re gional or hemispheric temperature can be derived. Thus, the effects of a cytoprotective drug on brain temperature can potentially be monitored in hu mans.
